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In high energy heavy-ion collisions the magnetic field is very strong right after the nuclei penetrate
each other and a non-equilibrium system of quarks and gluons builds up. Even though quarks might
not be very abundant initially, their dynamics must necessarily be influenced by the Lorentz force.
Employing the 3+1d partonic cascade BAMPS we show that the circular Larmor movement of the
quarks leads to a strong positive anisotropic flow of quarks at very soft transverse momenta. We
explore the regions where the effect is visible, and explicitly show how collisions damp the effect.
As a possible application we look at photon production from the flowing non-equilibrium medium.
I. INTRODUCTION.
Shortly after the collision of heavy nuclei in experi-
ments at the LHC at CERN or RHIC at BNL the en-
ergy density is high enough that a so called quark-gluon
plasma (QGP) is formed [1–4]. Due to the high velocity
and small distances of the nucleons passing each other at
the moment of the collision, the magnetic field for non-
central collisions in the center of the reaction at, e.g., top
RHIC/LHC energies is very high. Indeed, those fields can
be expected to be among the largest field strengths in the
universe [5]. The fields will decay very fast, even assum-
ing a conducting medium which, by Maxwells equations,
slows down the decay of the magnetic flux [6]. Strong
enough magnetic fields can generate several novel effects,
such as the chiral magnetic effect, the chiral vortical ef-
fect [7–10], the chiral separation effect [7], or a chiral
magnetic wave [11, 12]. In this article, we turn to a fun-
damental question which has not gained much attention
in literature: will there be directly measurable effects of
the electromagnetic Lorentz force in heavy-ion collisions?
Early attempts [13] to model a hadron gas under the in-
fluence of magnetic fields did not show strong effects.
The authors of Ref. [14] have studied the charge de-
pendent directed flow of pions and protons in a simplified
analytic model, taking electric and magnetic fields into
account. They find a very small signal, owing mainly to
the currents induced by electric fields generated by the
fast decaying magnetic fields (Faraday effect). For very
low pT however, they see a strong influence of the mag-
netic field itself (dubbed as “Hall” effect). In particular,
the magnetic effect becomes important for the directed
flow at transverse momenta pT . 0.25 GeV for RHIC and
LHC. In this paper, we will also see the growing influence
of the magnetic effect at low pT .
Hydrodynamic calculations including magnetic fields
are rare, and still under development [15, 16]. Recently,
it has been found that the directed flow of charm quarks
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is very sensitive to the magnetic and electric field [17].
Furthermore, it has been proposed, that the J/Ψ forma-
tion becomes anisotropic which leads, e.g., to a sizable
elliptic flow at high transverse momenta [18].
We attempt an exploratory study of the early-time
non-equilibrium dynamics of deconfined quarks and glu-
ons including simple parametrizations of an external
magnetic field. We find that the quark momenta ro-
tate parallel to the event plane and develop a surprisingly
large momentum anisotropy at mid- and forward rapidity
for very low transverse momenta. This is roughly rem-
iniscent to the Hall effect. The particle velocity stems
mainly from the large boosts in beam direction (longitu-
dinal expansion), whereas the magnetic field comes from
the charged spectator nucleons.
We see furthermore that the spectra are also slightly
enhanced at early times and we show explicitly how col-
lisions damp both the effect of the flow and the spectra.
This paper is organized as follows. In Sec. II we
explain the model setup, including the magnetic field
parametrizations. In Sec. III we show the collisionless
result which is purely due to the Larmor movement of
quarks in the magnetic field, before we turn in Sec. IV to
the result with collisions and conclude in Sec. V.
Figure 1. Geometry of our model. The magnetic field is
constant and homogeneous.
ar
X
iv
:1
70
4.
06
50
5v
1 
 [h
ep
-p
h]
  2
1 A
pr
 20
17
2II. SIMPLE MODEL WITHOUT COLLISIONS
We investigate how strong the effect of the Lorentz
force alone can be on the particle distributions. To this
end, we outline a simple model for the heavy-ion collision,
neglecting collisions in a first step. We consider the colli-
sion of two heavy nuclei along the z-axis. For simplicity,
we assume the magnetic field ~B to be constant and homo-
geneous, pointing in y-direction, ~B ≡ By~ey. The situa-
tion is depicted in Fig. 1. Here we neglect electrodynami-
cal induction effects. We assume that all events are sym-
metric and the impact parameter points in x-direction.
In this geometry elliptic flow can be seen as an average
(〈·〉) momentum asymmetry 〈(p2x − p2y)/p2T 〉 ≡ v2, where
pT =
√
p2x + p
2
y.
A. Initial state and formation time
In this simple model setup we do not consider space-
dependent effects, thus we sample only four-momenta of
the particles. All particles are assumed to be massless.
The pT distribution is sampled according to a power law,
dN/dpT =
(
n− 1
p1−nT,min
)
p−nT , n = 2, 3, 4. (1)
We choose a minimal value pT,min = 0.01 GeV. For all
the following results we assume a constant distribution
in rapidity, y = 1/2 log(E + pz)/(E − pz),
dN/dy = const., pz = pT sinh y. (2)
We find that the results are not dependent on the rapid-
ity window in which we initialize the particles, as long
as it is larger than the observed rapidity bins. For most
studies, −3 < y < 3 is sufficient. It is possible to use
a formation time ∆tf = cosh(y)/pT during which par-
ticles are still off-shell and do not interact, but propa-
gate freely. This formation time has been used earlier
in transport approaches using the Minijet model for the
initial condition [19–21]. We can assume that the mag-
netic field will also not influence the partons within their
formation time. However, as quarks carry their electric
charge even off-shell, their classical interaction with mag-
netic fields is arguable, and the formation time could be
irrelevant. As this point is conceptionally uncertain, we
show results for both options, assuming the particle-field
interaction to be switched on immediately (no formation
time), or, only after ∆tf , respectively. In this simplified
collisionless scenario we only initialize quarks, carrying
the electric charge q = e/3 or q = 2e/3, respectively.
The exact quark and gluon content in the early phase of
heavy-ion collisions is under debate. It is clear, that the
more gluon dominated the system is, the less pronounced
such electromagnetic effects will be.
B. Magnetic field parametrizations
The external magnetic field present at t = 0+ after
the collision is still subject to active research, and de-
pends strongly on the geometric modeling of the nuclei
as well as the electric conductivity and also possible non-
equilibrium effects. Common to all the results in litera-
ture is the dominant By-component, perpendicular to the
event plane, which is about an order of magnitude larger
than the Bx-component, the Bz-component is nearly ab-
sent. The authors of Ref. [22] look explicitly at fluc-
tuations of the direction of the magnetic field and find
that for middle central collisions the field fluctuates less
around the direction perpendicular to the event plane
than for near central or very peripheral collisions. For
the qualitative understanding of the dynamical effects to
the quark momenta, we adopt several simplified scenar-
ios for the field strength By, and set Bx = Bz = 0. In
Ref. [13] it was found that the spatial dependence over
the overlap region is mild, so that we restrict ourselves
here to a homogeneous field in space, parametrized as
param 1: eBy(t) = 4 m
2
pi Θ(0.3 fm/c− t)
param 2: eBy(t) = eB
t=0
y (1 + t
2/t2c)
−3/2 with tc =
0.065 fm/c.
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Figure 2. The two simple parametrizations of the homoge-
neous magnetic field. Param 2 follows Ref. [23].
Param 2 is the parametrization of the results of Ref. [23]
as given in Ref. [5]. We use it with parameters
corresponding to RHIC collisions (Au+Au,
√
sNN =
200 GeV) at typical impact parameters of ∼ 8 fm
corresponding to 20 − 40% centrality (see also, e.g.,
Refs. [24, 25] for typical field strengths). In the very early
stage, the medium is assumed to be gluon dominated,
such that the electric conductivity can be neglected [5]
(being roughly proportional to the sum of the electric
charges squared, weighted by the densities of the charge-
carrying species [26, 27]). The authors of Ref. [5, 23]
approximate the total magnetic field thus by the exter-
nal component produced by the charged nucleons passing
3each other. The full solution of the Maxwell- and Boltz-
mann equation will slow down the decay of the magnetic
field, but so far, only little is known about the precise
evolution. Parametrization 1 is an optimistic imitation
of a strongly conducting medium, which would keep the
magnetic field present for some time. We have tried even
higher or longer field parametrizations, but for simplicity
we restrict ourselves to an optimistic, and a realistic one.
C. Larmor movement
The magnetic field changes the direction of velocity of
the particles by the Lorentz force, ~FL = q~v × ~B. In our
geometry, particles will move in a circle around the y-
direction, clockwise or anticlockwise depending on their
charge q. Thereby, any momentum in z-direction will
increase or decrease the momentum in x-direction, px →
px + ∆px.
To analytically estimate the effect of increasing px
components, we note that by symmetry 〈px〉 = 0, 〈py〉 =
0. We consider two particles with opposite px momentum
components, px,1 = −px,2 as representer of the particle
ensemble. Their py momenta are equal, and chosen in
a way, that the initial momentum asymmetry v2 takes a
given value. The change px → px + ∆px on the v2 of the
whole particle ensemble can then, in a simplified fashion,
be estimated by
v2(∆px)
=
1
2
(
(px + ∆px)
2 − p2y
(px + ∆px)2 + p2y
+
(−px + ∆px)2 − p2y
(−px + ∆px)2 + p2y
)
. (3)
In Fig. 3 we show this momentum asymmetry for three
choices of the initial v2, positive, zero and negative.
Clearly, for zero initial v2, the increase of ∆px must be
larger than pT in order to enhance the asymmetry. All
cases show a minimum in v2 for ∆px < pT , which can
be strongly negative. The radius of deflection due to the
magnetic field is
rLarmor =
√
p2x + p
2
z
qBy
, (4)
and the angle of the circular movement of time t is
αLarmor = t/rLarmor. The value of ∆px depends on the
momenta px and pz of each particle, for a given magnetic
field times its duration, Byt.
In this study, we do not include electromagnetic effects
other than the Larmor movement. The reason is outlined
in the following. The Faraday effect due to the time
dependent magnetic flux ϕ = ByA through surface A
generates an electric field,
−∂ϕ
∂t
=
∮
d~r · ~E. (5)
This electric field accelerates charges in the opposite di-
rection than the Lorentz force ~FL = qv × ~B. Assuming
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Figure 3. After the increase of px, the momentum asymme-
try v2 is in all cases positive for ∆px > pT . The result is
symmetric in ∆px.
for a moment, that ~FL ≡ 0, the electric current due to the
force q ~E will generate a magnetic field component Bind
counter balancing the decay of the field, ~Bind ∼ ∂ ~B/∂t,
depending on the electric conductivity. On top of these
effects, the electric fields generated by the spectators, al-
beit small in magnitude, has also an x-component [28],
which is positive Especx > 0 for x > 0 and negative
Especx < 0 for x < 0. All these 3 effects can cancel
or enhance each other, and depend crucially on the as-
sumed electric conductivity and parametrization of the
bare spectator induced fields. Furthermore, the calcu-
lation of the magnetic flux as well as the electric fields
would require a full space-time dependent (propagating)
solution of the electromagnetic fields. This is why we re-
strict ourselves to show what maximum effect on the par-
ticle dynamics is expected from the magnetic field only.
III. RESULTS OF THE COLLISIONLESS
MODEL
First we show how pT -spectra of quarks are influenced
in the early time by a magnetic field in Fig. 4. Here,
for parametrization 1 of the magnetic field, the spectrum
is enhanced for 0.02 < pT /GeV < 0.1 due to the Lar-
mor turn of pz-momenta. In Fig. 3 we explained that
the final momentum asymmetry depends strongly on the
additional ∆px. We explore which momentum space re-
gion (regions in rapidity) is necessary to gain sufficiently
large values of ∆px for the v2 to change visibly. Here
we differentiate between initial quantities, and those af-
ter the circular Larmor-movement has been applied to
the particle. For this purpose we show in Fig. 5 the fi-
nal v2 (after the Larmor movement had been applied for
a time t) as function of initial rapidity yinitial. We split
this up in a soft region, for final pT < 0.3 GeV, where
the averaged v2 reaches large values, and the region of
final pT > 0.3 GeV, where the v2 is consistent with zero.
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Figure 4. For three different initial pT -distributions (power-
law exponent n) we show how the spectra change after
0.3 fm/c under the influence of a magnetic field. Here
we use an arbitrary number of particles and magnetic field
parametrization 1.
This ultrasoft pT range can already be expected from the
spectra, Fig. 4. Note that the saturation in Fig. 5 is due
to the cuts in final pT , which means, that, in the curve
for final pT < 0.3 GeV, the larger sinh(y), the smaller
the values of pT which contribute.
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Figure 5. Final average v2 per particle for three different pT
ranges as function of initial rapidity yinitial of the particle.
Here we use an initial state with power law exponent n = 2
and magnetic field parametrization 1. The result for n = 3, 4
looks very similar, only the maximal value of the final v2
increases by up to 25%.
Clearly, momentum rapidities y > 1 are responsible
for ∆px & pT and the average momentum asymmetries
larger than zero. The three initial pT -distributions show
similar behavior, only the maximal value of v2 increases
with increasing n. Finally we turn to the differential v2.
Using magnetic field parametrization 1, we show in Fig. 6
the resulting v2(pT ) without the use of the formation
time, for mid- and forward rapidity and all three initial
state parametrizations. The v2 can be (temporary) up
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Figure 6. The pT -differential v2 in a collisionless toy model for
initial power law spectra with exponent n = 2, 3, 4. Here we
do not assign formation times. We show results for forward-
and midrapidity with magnetic field parametrization 1.
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Figure 7. Same as Fig. 6, but here formation times had been
assigned. For the shown snapshot at t = 0.3 fm/c, the mini-
mum occurring momentum at midrapidity is pT ≈ 0.66 GeV.
to 80 %. It is larger for forward rapidity. In Fig. 7 we
show the result when the formation time was taken into
account. This results in deleting all relevant interactions
among the field and the particles, and the v2 remains
zero.
IV. THE EFFECT OF COLLISIONS
Next we want to consider the effect of particle colli-
sions. To this end we employ the 3+1-dimensional trans-
port approach BAMPS (Boltzmann Approach to Multi-
Parton Scatterings), which solves the relativistic Boltz-
mann equation by Monte-Carlo techniques [29, 30] for
massless on-shell quarks and gluons1. The Boltzmann
1 corresponding to an ideal equation of state
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Figure 8. Transverse momentum spectra of quarks under the
influence of a magnetic field in a free streaming and a col-
lisional medium. We use an arbitrary number of particles
and magnetic field parametrization 1. Particles collide with
constant isotropic cross sections, σtot = 10 mb.
equation is ideally suited to study thermalization and
isotropization processes [29, 31] and the electromagnetic
fields enter by an external force term. With the phase-
space distribution function f i(x, k) ≡ f ik for particle
species i, the Boltzmann equation reads
kµ
∂
∂xµ
f ik + kνqiF
µν ∂
∂kµ
f ik =
Nspecies∑
j=1
Cij(x
µ, kµ), (6)
where Cij is the collision term, and qi the electric charge.
The field strength tensor Fµν = Eµuν − Eνuµ − Bµν ,
with Bµ0 = B0ν = 0, Bij = −ijkBk and Eµ = (0, ~E),
introduces the electromagnetic forces to the charged par-
ticles [32]. For the BAMPS simulations we include 3
flavors of light quarks, antiquarks and gluons. Space is
discretized in small cells with volume ∆V and particles
scatter and propagate within timesteps ∆t. In each cell,
the probability for binary/inelastic scattering is
P22/23 =
σtot,22/23(s)
Ntest
vrel
∆t
∆V
, (7)
where σtot(s) is the (in general Mandelstam s dependent)
total cross section and vrel the relative velocity. The in-
elastic backreaction works similar. In the simplest case,
we employ constant and isotropic cross sections, how-
ever, BAMPS features binary and radiative perturbative
Quantum Chromo Dynamic (pQCD) cross sections (see,
e.g., Ref. [33, 34]) and running coupling αs(Q
2), which
is evaluated at the momentum transfer Q2 of the respec-
tive scattering process [35]. For the purpose of this study
here, there is no qualitative difference when employing
pQCD cross sections, so we restrict ourselves to constant
and isotropic scattering. As a new feature, we include
the electromagnetic force, which within the Monte-Carlo
framework reduces to the additional change of the parti-
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Figure 9. The pT -differential v2 from BAMPS for the ultrasoft
pT range with and without magnetic field. The initial state
is equivalent to Sec. II A, with exponent n = 2. The initial
geometry is equivalent to an impact parameter of b = 8.5fm.
We ignore formation times here. For a rough comparison we
show data from PHENIX [37] (unidentified charged hadrons,√
sNN = 200 GeV, 20%− 60% centrality, |η| < 0.35).
cle momenta (for every computational timestep) by
d~ki = ∆t FLorenz = ∆t qi
(
~E + ~v × ~B
)
. (8)
As mentioned before, we set ~E = 0. It is clear that
the propagation of fields (by retarded Lie´nard-Wiechert
potentials) generated by moving quarks would refine
the picture, this will be done in a forthcoming publi-
cation. Nevertheless, electric currents appear by default
in BAMPS, and the electric conductivity of the matter
is built in naturally [26]. We use the same initial state
in momentum space in BAMPS as in the simple model
from Sec. II, and use smooth a Glauber Monte Carlo dis-
tribution of particle positions. Here we use an impact pa-
rameter of b = 8.5 fm. The particle numbers are roughly
equal to simulations performed in earlier studies using
BAMPS for Au+Au collisions at
√
sNN = 200 GeV [34–
36]. Flavors for gluons and quarks (Nf = 3) are sampled
randomly with probabilities Pg = 16/52, Pq = 36/52.
We note that this setup is certainly rough, but it should
suffice for our purpose of an optimistic upper estimate
of the “Hall current” to the anisotropic flow. We
show in Fig. 8, how the spectra are affected by colli-
sions. Here we see, that in the viscous case (including
collisions, σtot = 10 mb), the spectra influenced by the
magnetic field for momenta pT & 1 GeV are very close to
the field free case. Without fields, the medium thermal-
izes at timescales of 0.5 ∼ 1 fm/c (see Ref.[29]). Again,
in the region of 0.01 . pT /GeV . 0.1 the spectra are
enhanced compared to the field free spectra. The green
dashed line shows the collisionless result, which is close
to the initial power law for larger momenta, pT & 1 GeV,
and enhanced in the soft region.
In Fig. 9 we show the pT -differential v2 of light quarks
from BAMPS, and turn the magnetic field on and off.
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Figure 10. Same as Fig. 9, but here we compare the magnetic
field parametrizations 1 and 2.
Clearly, the field causes a strong momentum anisotropy
below pT ∼ 0.1 GeV, but has hardly any effect above
this soft pT -range. For comparison we plot the softest
points of experimentally measured unidentified charged
particle flow from PHENIX [37]. Unfortunately they are
still measured at such high transverse momenta, that a
detection of the presented magnetic field effect is unlikely
at present.
We see in comparison with Fig. 6, which shows the col-
lisionless result, that the collisions damp the v2 (about
20% lower v2 at around pT = 40 − 60 MeV). Here we
show results with parametrization 1, which switches off
the field at t = 0.3 fm/c. After that time, the collisions
isotropize this initial flow, such that after t = 2 fm/c it
is around 0.34 and the maximum is pushed to even lower
pT . In Fig. 10 we compare the effect of the two mag-
netic field parametrizations. Parametrization 2, probably
more realistic, has a weaker effect than parametrization
1. The maximal flow is still about 30%, but, more impor-
tantly, it is shifted to much lower transverse momenta.
We need to recall at this point, that all strong elliptic flow
signals appear only, when the formation time of quarks
is neglected for the interaction among the field and the
particles. This issue must be further addressed in future.
We note, that we ignore for simplicity hadronization and
the subsequent hadron gas evolution here, nevertheless,
elliptic flow on the order of 30% is likely to survive to
some degree. This remains subject for future work.
Photons are an ideal probe to test effects throughout
the spacetime evolution of the medium, such as magnetic
field induced flow, as they leave the fireball nearly undis-
turbed, once produced. In an earlier study [38] we have
implemented photon production in BAMPS, consistent
with leading order rates. Here, we make use of the 2↔ 2
photon production method from Ref. [38]. At very low
pT (where all interesting magnetic effects happen), the
microscopic photon production processes for collisions of
two low pT partons will have typical Mandelstam vari-
ables at magnitudes, where the concept of perturbative
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Figure 11. Photon v2 as function of pT compared to quark v2
for magnetic field parametrization 1. Here we use an initial
state with power law exponent n = 3. Photons and quarks
are evaluated at midrapidity at t = 2 fm/c.
QCD methods is questionable (s . Λ2QCD). Neverthe-
less, we allow photons to be produced as we are mainly
interested in the non-equilibrium effect of photon pro-
duction from a flowing quark medium. In Fig. 9 we show
the v2(pT ) of produced photons with that of the quarks
at time t = 2 fm/c. Photons are produced during the
whole collision, and observables are thus always space-
time averaged, weighted by the production yield. In the
beginning of the collision, the medium is dense and the
energydensity is high, so many photons are produced, but
(in our simplified initial state) the flow is zero. Later,
the photons inherit some of the flow, but their rate de-
creases steadily. This is the reason, why the observed
photon flow is smaller than the pure quark flow. Below
pT . 0.1 GeV the photon flow is enhanced. It will be
challenging to measure such an effect, considering that
recent measurements of (direct) photon flow [39, 40] ex-
tend down to pT = 0.4 GeV (PHENIX)/pT = 1 GeV
(ALICE).
V. SUMMARY
We have shown how the Lorentz force in heavy-ion
collisions can affect observables. To this end, we have
assumed two simple parametrizations for an external,
homogeneous magnetic field, which is produced by the
fast spectator nucleons. We investigate a free streaming,
and a viscous medium (with collisions), employing the
partonic transport simulation BAMPS. We use a sim-
ple boost invariant initial state, assuming a power-law
in the transverse momentum distribution, and a periph-
eral Monte-Carlo Glauber geometry of the overlap zone.
We have shown that the magnetic field will generate a
strong elliptic flow only at very small transverse momenta
due to the Larmor movement of the charged particles.
In this very soft region, also the transverse momentum
7spectra are enhanced. We show that collisions will wash
out both the enhancement of the spectra and the elliptic
flow. However, the flow is still quite large, such that it
could be measured, if experiments had access to ultrasoft
transverse momenta. Assuming an initial formation time
of the particles, within which the magnetic field can not
act, all strong effects are deleted. The interaction of clas-
sical fields and unformed particles is however a difficult
theoretical problem and must be clarified further. This
study can be extended in several ways. Apart from other
observables, electric fields, stemming from the Faraday
law, might also play a role. A logical next step would be
a realistic space dependence of the external fields, and,
in the long run, a full spacetime evolution of retarded
fields including induction effects (similar to Ref. [13]).
We emphasize, that the present study should only give
an order-of-magnitude estimate of what can be expected
from the magnetic Lorentz force (“Hall effect”) for light
quarks. Apart of the experimental challenge, there might
be other consequences. Especially final spectra of tomo-
graphic probes like photons or dileptons will inherit in-
formation of this strongly flowing but ultrasoft region.
To get an idea of this effect we have shown that photons
inherit a fraction of the elliptic flow from the quarks at
nearly the same ultralow transverse momenta.
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